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Electronic properties of CePd2Si2 under pressure
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University of Geneva, DPMC, 24 Quai Ansermet, 1211 Geneva 4, Switzerland

~Received 6 October 1999!

Resistivity measurements were performed up to pressures of 10 GPa and down to temperatures of 30 mK to
study the pressure-induced superconductivity of the antiferromagnetic compound CePd2Si2. A large supercon-
ducting domain is found in the range 2–7 GPa. Non-Fermi-liquid properties are observed for the pressure
corresponding to optimal superconductivity at around 5 GPa where the transition temperatureTc

onsetequals 520
mK. The high value of the initial slope of the superconducting upper critical field~about210 T/K! is indicative
of heavy fermion superconductivity.
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I. INTRODUCTION

Heavy fermion~HF! compounds provide the opportunit
to study the anomalous properties occurring at the quan
critical point ~QCP! of three-dimensional itineran
antiferromagnets.1 At the QCP, the Ne´el temperatureTN van-
ishes as a function of a control parameter, experiment
achieved by alloying or applying external pressure. Bre
down of the Fermi-liquid theory is expected at the QCP. T
corresponding so-called non-Fermi-liquid~NFL! behavior
observed may also be characteristic of large crossover
gions delimited by the competition between thermal a
quantum fluctuations.2,3 Most surprising in this context is th
emergence of superconductivity near the QCP pointing
wards the probable magnetically mediated pairing mec
nism.

Up to very recently and despite a wealth of experimen
effort, CeCu2Si2 was the only known ambient pressure C
based HF superconductor.4 This compound is a member o
the extensively studied CeM2T2 family ~space group I4/
mmm! whereM is a transition metal andT5Si, Ge. A mag-
netic state is stabilized above a critical volume of the u
cell obtained for different combinations ofM and T ele-
ments. This gives rise to various kinds of antiferromagne
order within this family of compounds.5 Having in mind that
the application of pressure counterbalances such volume
fects by driving these compounds towards a nonmagn
state, CeCu2Ge2 ~Ref. 6! and CeRh2Si2 ~Ref. 7! were subse-
quently found superconductor under pressure at the QC

Recently, focus was made on the isoelectronic compou
CeNi2Ge2 and CePd2Si2. For the former paramagnetic com
pound, traces of superconductivity were found by seve
groups both at ambient pressure8 and above 1.5 GPa.9–11 For
the latter antiferromagnetic compound CePd2Si2 @with TN
510 K and a staggered magnetic momentm50.62mB ~Ref.
5!#, only the Cambridge group found so far pressure-indu
superconductivity at around 2.7 GPa,12,13as opposed to othe
experimental works.14,15 In this paper, we confirm the
pressure-induced superconductivity of CePd2Si2 and give
details on the electronic properties associated with the su
conducting phase.

II. EXPERIMENTAL RESULTS

Single-crystalline platelets were selected from a hig
purity polycrystalline ingot obtained in an induction furna
PRB 610163-1829/2000/61~13!/8679~4!/$15.00
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and annealed for two days at 1200 °C. X-ray diffraction a
scanning electron microscope analysis revealed no trace
parasitic phases.16 The samples were mounted in a tungste
carbide anvil cell using steatite as pressure transmitting
dium and a pyrophyllite gasket. Standard four-wires resis
ity measurements were carried out in the basal plane of C
2Si2 with a dc technique in a dilution refrigerator down
temperatures of 30 mK.

Resistivity curves versus temperature are shown in Fig
for several pressures. At low pressure, the antiferromagn
order is marked by a kink atTN ~at around 10 K! in the
resitivity. This anomaly shifts to lower temperatures wi
increasing pressures. The extrapolation of the pressure v
tion of TN to zero temperature defines the QCP at about
GPa. At low temperatures, a 10% drop of the resitivity
observed below 300 mK at 1.8 GPa~shown at 2.5 GPa in
Fig. 1 for clarity!. On increasing pressure this drop reach
40% at 4.1 GPa and is followed by a saturation of the re
tivity at the lowest temperatures. Following the results of t
Cambridge group who found zero resitivity around the
pressures, the drop is associated with the entrance in

FIG. 1. Basal plane resistivity of CePd2Si2 versus temperature
on a double logarithmic scale for several pressures. Arrows in
cates the transition temperatures. The inset shows theT2P phase
diagram obtained.
8679 ©2000 The American Physical Society
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superconducting state. For pressures higher than 5.15
the drop in the resistivity gradually decreases again and
transition is no more observed at 7.5 GPa. At low press
signs of magnetism and superconductivity coexist as sho
for example, in Fig. 1 for a pressure of 2.5 GPa where b
a TN and aTc value can be defined. The correspondingT
2P phase diagram is shown in the inset of Fig. 1. The pr
sure corresponding to the QCP~3.5 GPa! is different from
the optimum pressure for superconductivity found at arou
5 GPa.

In the antiferromagnetic phase, the resistivity betweenTc
andTN is described with the following form previously use
in the same context for the antiferromagnetic HF superc
ductor URu2Si2:17

r5r01AT21BT~112T/D!exp~2D/T!. ~1!

The first term,r0, corresponds to the residual resistivity, t
second term corresponds to the Fermi-liquid contribution
heavy electrons, and the last term to the contribution of
tiferromagnetic gapped spin waves. A fit of Eq.~1! to the
data is shown in Fig. 2 for a pressure of 2.5 GPa. The res
obtained at low pressures show that the fit is not overpar
etrized. At 0.1 GPa, we foundA50.098mV cm K22 which
is indeed consistent with the low-temperature specific-h
linear coefficientg'100 mJ/mol K2,18,19 given a so-called
Kadowaki-Woods ratio of 9.831026 mV cm K2(mol/mJ)2

very close to the canonical value 1025 mV cm K2(mol/mJ)2.
The estimate of the spin gapD514 K is close to the value o
9.6 K obtained by inelastic neutron scattering.20 The pressure
variation of the gapD and of the magnon scattering weightB
are shown in the inset of Fig. 2. The gap is constant ove
the pressure range andB decreases linearly and vanishes
the QCP~around 3.2–3.5 GPa!. The fact that the gap is con
stant, is an indication that among the two components of
magnetic excitation spectrum,20 namely a spin wave and
quasielastic part, only the latter is relevant and may play
important role in the driving mechanism of the QCP.

NFL behavior is observed in a narrow pressure ran
around the optimum pressure for superconductivity. This

FIG. 2. Basal plane resistivity of CePd2Si2 at 2.5 GPa showing
both a kink atTN and a drop atTc . The dashed line is a fit to Eq.~1!
given in the text. The inset shows the pressure variation of
spin-wave scattering weightB and the spin-wave energy gapD.
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shown in Fig. 3 for a pressure of 4.1 GPa. The resistiv
follows aT1.2 law up to 35 K. The same behavior is observ
at 4.5 GPa. On the other hand, at the QCP~3.2–3.5 GPa!, a
Fermi-liquid-likeT2 law is observed for the resistivity below
3 K. Both behaviors are shown in the inset of Fig. 3 whe
the exponentn of the Tn law of the resistivity@obtained by
the temperature logarithmic derivatives ofr(T)2r0] is plot-
ted versus temperature. At 3.25 GPa, a large crossove
gime is observed in the resitivity exponent between 10 an
K followed by a saturation towardsn52. On the other hand
n is almost constant over two decades in temperatures a
GPa. For higher pressures starting at 5.15 GPa, aT2 law with
a decreasing weight is again observed. Our results empha
the fact that NFL behavior, observed in a narrow press
window, seems to be better linked to the optimum superc
ductivity rather than to the QCP.

The initial slope of the superconducting upper critic
field Hc2 at Tc allows to give more insight in the electroni
properties~effective mass! of HF compounds.21 The field
variation of the superconducting resistive transition at
GPa is shown in Fig. 4. On increasing the field, the resis
ity drop shifts to lower temperatures and is no more seen
a field of 1.9 T. The correspondingT2H phase diagram is
shown in the inset of Fig. 4. The striking feature is the hi
initial slope of the critical field of about213 T/K at this
pressure. This high value is taken as an evidence for
superconductivity since in the clean limit~reached here due
to the low residual resitivity!, the initial slope of the critical
field is directly proportional to the square of the effecti
massm* of the quasiparticles forming the Cooper pairs. T
pressure variation of the mass thus deduced and arbitr
normalized to 1 atP52.2 GPa is shown in the lower fram
of Fig. 5. Another estimate ofm* is obtained from the
square root of theA coefficient of theT2 law of resitivity
(m* 'AA). Its pressure variation is shown in the same fi
ure. Between 2 and 6 GPa there is an agreement for
reduction~by a factor of about 2! of the effective mass de
duced from this two quantities even if the ‘‘path’’ taken

e FIG. 3. Basal plane resistivity of CePd2Si2 at 4.1 GPa versus
T1.2. The inset shows the exponentn of theTn resistivity law versus
temperature at 3.25 and 4.1 GPa.
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different. Magnetic~quasielastic! fluctuations may be part o
the A coefficient in the magnetically ordered phase giv
thus an overestimated value of the effective mass. To
respect low-temperature specific-heat measurements u
pressure will be very valuable to have a direct estimation
the effective mass. The pressure variation of the resid
resitivity is shown by comparison in the upper frame of F
5. This quantity, starting from 2.8mV cm atP50, decreases
initially with pressure, equals 2.4mV cm when superconduc
tivity is observed and almost saturates at 1.8mV cm after the
pressure for optimal superconductivity, i.e., above 5 GPa.
scaling is found betweenr0 andAA which may indicate that
the scattering given rise to this residual resitivity is nea
‘‘textbook’’ defect scattering without any obvious contribu
tion from Kondo physics~e.g., absence of ‘‘Kondo-hole’
scattering mechanism!.

III. DISCUSSION

Compared to a previous study of the pressure-induced
perconductivity of CePd2Si2 observed in the range 2–
GPa,12 we found a larger pressure domain of existence
this phase between 2 and 7 GPa. Albeit surprising the ob
vation of such a large domain is consistent with previo
measurements performed on CeCu2Si2 in the same
conditions22 where superconductivity is found in the rang
0–10 GPa. Such a similarity is more or less expected fr
the ‘‘unified’’ behavior of these 1-2-2 compounds as d
scribed in the introduction. Moreover, a better comparis
can be made with the isoelectronic compound CeNi2Ge2.
With a smaller unit cell, CeNi2Ge2 at zero pressure is
believed to be the equivalent of CePd2Si2 at around 3 GPa
To this respect the observation of superconductivity
CePd2Si2 at 3 GPa and in CeNi2Ge2 at zero pressure is
consistent with this picture. The other pocket of superc
ductivity observed in CeNi2Ge2 in the range 2–4 GPa~Ref.
11! could also be linked to the superconductivity we s
observed at higher pressure~up to 7 GPa! in CePd2Si2. It is
as if the large superconducting pressure range of CePd2Si2
we found in this work covers the two pockets observed

FIG. 4. Basal plane resistivity of CePd2Si2 at 3.5 GPa for dif-
ferent magnetic fields. The inset shows theT2H phase diagram
obtained. The line is a guide for the eye.
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CeNi2Ge2 with a shift of pressure of the order of 3 GP
compensating the volume difference between the two co
pounds.

A consequence of the large superconducting domain
served is the separation between the QCP and the pres
for optimal superconductivity to which NFL propertie
seems to be better linked. This bears striking similarit
with the marginal behavior observed at the optimal doping
the high-temperature superconductors~HTSC’s! where the
resitivity is linear inT over decades in temperatures.23 The
proximity of both systems~HF and HTSC! to antiferromag-
netism is the basis of theoretical works aiming to expla
their resitivity.24,25 In nearly antiferromagnetic compound
part the scattering is due to hot spot, that is, portions of
Fermi surface spanned byQ, the antiferromagnetic wave
vector. This is the main scattering process taken into acco
in the spin-fluctuation theory3 where the resitivity follows a
T3/2 law for three-dimensional antiferromagnet~respectively
aT law in two dimensions! at the QCP forT'0. Beyond this
behavior, most of the Fermi surface~i.e., portions not con-
nected byQ) must give rise to a Fermi-liquid-like behavio
which may short circuit the hot spot scattering. It was sho
that disorder enhances hot spot scattering and for a th
dimensional antiferromagnet~HF case!,24 the competition
between aT2 resistivity and ax1T3/2 one ~wherex is pro-
portional to the impurity concentration! could give rise to
crossover exponents close to 1 due to a breakdown of M
thiessen’s rule. This theory24 goes one step beyond the spi

FIG. 5. Pressure variation of the residual resistivity~upper
frame!. Pressure variation of the effective mass~lower frame! de-
duced from the initial slope of the critical field and theA coefficient
of the T2 resistivity law, respectively. The line is a guide for th
eyes.
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fluctuation theory by taking into account disorder whi
changes the weight between the hot spot scattering and
conventional Fermi-liquid scattering.

Despite differences in the superconductingT2P phase
diagram obtained in this study and in that of Ref. 12,
measured the same power law in the resitivity around
QCP which indicates, in the framework presented abov
similar sample quality@with a residual resitivity ratio~RRR!
of the order of 20#. It was found by the Cambridge group th
samples with a RRR of the order of 60 gave an expon
close to 110. Similar results were obtained for the isostru
tural compound CeNi2Ge2.8 The resistivity was fitted in a
narrower temperature range~up to 3 K! at zero pressure with
an exponent between 1.37 and 1.5 depending on the sa
quality ~the lower exponent, the better sample!.

IV. CONCLUSION

Our resitivity measurements confirm the pressure-indu
superconductivity of CePd2Si2 observed by the Cambridg
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group. A larger domain~2–7 GPa! for superconductivity was
found in the present study. This bears similarities with t
isoelectronic compound CeNi2Ge2, where two pockets of su
perconductivity were observed at around 0 and 3 GPa
high initial slope of the superconducting upper critical fie
as well as NFL properties observed near the QCP sugges
superconductivity and importance of soft spin fluctuation

Note added in proof. We recently received a report from
the Grenoble group of the observation of a complete sup
conducting transition at 2.5 GPa in a sample of the sa
batch as the one used in the present work.
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